The first real-time evidence of the rotation of the operculum of the trochid gastropod Phorcus lineatus has been obtained by marking the operculum of live individuals and recording the angular orientation of the operculum in relation to the apertural tooth using time-lapse microscopy. Short-term monitoring of the rotation of opercula of juvenile P. lineatus in a temperature-controlled tidal aquarium at temperatures of 15 and 19°C gave mean rates (clockwise) of 5.6 and 7.2°/d (0.097 and 0.126 rad/d), respectively, representing a 30% increase for a 4°C rise in temperature and a complete turn in 1.7-2.0 months. A daily phase difference of 6 h in the tidal cycle had no effect on rates. Measured rates of opercular rotation were converted to more conventional growth rates, based on weight and physical dimensions, by using biometric data from the study population. In the case of weight, close agreement between theory and direct measurement was demonstrated. Quasi-regular series of imprints of the opercular disc and peripheral striae visible on some opercula are interpreted as evidence of a discontinuous mode of growth, the features acting like the 'ticks of a clock'. The ratio of the angular separation of these features to rates of opercular rotation is in close accord with a semidiurnal rhythm. The rate of opercular rotation is recommended as a growth parameter in its own right, measurement of which is useful (especially over short periods), for elucidating in fine detail the effects of environmental factors on growth in aquaria and mesocosms and, with more difficulty, on the shore.
INTRODUCTION
The polygyrous multispiral operculum of trochid gastropods grows from the periphery, where a flexible, transparent proteinaceous leaflet is secreted by specialized cells in a groove on the dorsal side of the foot (Vovelle & Grasset, 1982; Fretter & Graham, 1994; Checa & Jiménez-Jiménez, 1998) . Linear secretion occurs along the narrow, chisel-shaped terminus of the outer ring. Subsequently, the leaflet is augmented and strengthened by tanning processes at the periphery and by the more widespread deposition of layers of varnish on the underside. Since the site of synthesis on the foot is effectively fixed it has been hypothesized that in order to grow, the operculum must rotate, but no observations, measurements or suggested mechanisms for such a process have been published. We present observations and measurements on the trochid Phorcus lineatus (da Costa, 1778) (recent synonyms Monodonta lineata and Osilinus lineatus) that confirm and characterize opercular rotation and explore how it can be used as a measure of growth in gastropods with multispiral opercula. Phorcus lineatus is a common rocky-shore species, with a biogeographic distribution extending from North Wales in the United Kingdom to Morocco (Crothers, 2001; Donald et al., 2012) and has been identified as a possible indicator species for monitoring climate change around the coasts of Western Europe (Mieszkowska et al., 2006 (Mieszkowska et al., , 2007 . It is a relatively small gastropod, ranging in basal diameter from a few millimetres for first-year juveniles up to c. 30 mm in adults.
Various features of gastropods have been used to measure their growth rates, including semidiurnal growth lines on shells (Ekaratne & Crisp, 1982 , 1984 and growth rings on various body parts, including the shell (Williamson & Kendall, 1981; Crothers, 1994; Barroso, Moreira & Richardson, 2005a) , opercula with a concentric structure (Llano et al., 2004; Richardson et al., 2005; Miranda, Fujinaga & Nakao, 2008) and statoliths (Barroso Nunes et al., 2005b) .
Growth is a key variable in determining when and where any animal thrives and survives and it is important to understand the factors that drive it. A priori assessments of the effects of climate change on any species, for example, rely critically on the ability to be able to distinguish the effects on growth of temperature from a wide range of other environmental, topographical and geographical factors. Long-term studies of growth provide the integrated outcome of a labile, semichaotic collection of such factors and, as such, are not useful for determining clearcut relationships between growth and determinant variables. In contrast, short-term studies, which are easier to control, have the capacity to improve understanding of microgrowth and thereby elucidate macrogrowth. Whereas most studies of growth are spread over periods of months and years, we have focused on studies over periods of days and weeks. Some of the factors that such short-term growth studies have the potential to evaluate include temperature, availability of food, population density, disturbance (e.g. by a storm), salinity, oxygen levels, sex and reproductive status. Simple techniques are likely to be the most useful, since inherent variability in the growth of individual animals means that significant results require data from relatively large cohorts.
Counting annular growth checks, or marks, on the shell of P. lineatus can determine the age of an individual to the nearest year (Crothers, 1994 (Crothers, , 2001 (Crothers, , 2012 , but the concept of a single band created per year is a simplification. Many shells show groups of marks, probably due to acute, sporadic environmental factors. In addition, such marks may reflect predation or damage caused by physical factors, while some rings are barely visible, especially at southern latitudes (Crothers, 2012) and under mild winter conditions at more northerly latitudes (N. Mieszkowska, personal observation). Although this approach is useful in multiannual studies of population dynamics, it is unable to detect short-term variations in environmental conditions that the organism experiences and is insufficiently sensitive to monitor growth over short periods.
Growth rings on concentric opercula (Richardson et al., 2005; Miranda et al., 2008) and statoliths (Richardson et al., 2005; Barroso et al., 2005b) are associated with similar considerations as growth marks on the shell. These measurements require the animal to be killed and hence only give information at one time point. In practice, all of these methods only allow animals to be aged to the nearest year. Semidiurnal growth lines on gastropod shells could, in principle be counted back to provide data at various time points, though the technique is technically demanding and does not seem to have been used in this way.
The most common method of monitoring growth in gastropods is the recording of changes in weight or a major physical dimension. Weight-based methods have often been used for P. lineatus; changes of a few milligrams are readily measurable, but the accuracy of weighing is limited by the variable amounts of sea water retained in the mantle cavity. Acute changes in major physical dimensions of the shell including length and basal diameter are generally too small to be measured over short periods. Also, although the largest element of temporal weight change comes from growth of the shell, other factors such as defaecation, urination, osmotic changes, release of gonads and loss of condition may generate short-term 'noise'.
The objectives of our study were:
(1) to demonstrate unequivocally that the operculum rotates; (2) to elucidate the process in terms of opercular fine structure (peripheral striae and kidneyshaped historical imprints of the opercular disc) and (3) to measure the rate of rotation and relate it to conventional rates of growth based on changes in weight. The focus was on juvenile snails, which grow proportionately faster than adults.
MATERIAL AND METHODS
Phorcus lineatus was obtained from the northern part of the snail's range, on the shores of the Golfe du Morbihan, southern Brittany, France. Juveniles were collected from sheltered shores at Locmiquel Point (47.582°N, 02.918°W) and the southern shore of Les Sept-Îles (47.584°N, 02.930°W). Samples were also collected from British shores at Gore Point, near Porlock, Somerset, from Redcliff Point, near Weymouth, Dorset and from Worms Head, West Glamorgan, Wales, covering latitudes 50.5-51.5°N.
Initially, trial studies of opercular rotation of P. lineatus were carried out on the shore (see Table 3 for details), but controlled studies were subsequently carried out in aquaria (Table 4 ).
The operculum of P. lineatus juveniles was marked with a datum point, the angular orientation of which could be monitored in relation to the apertural tooth, a prominent feature of the species. Marking was performed on snails restrained upside down on a bed of mastic (Newplast, Newton Abbot, UK). In early studies, marking was done by gluing a short (1-1.5 mm) length of a white polyamide fibre ('bristled' snails in Table 3 ) to the operculum with clear cyanoacrylate adhesive. Opercula were later marked with plasticized cyanoacrylate adhesive (Fig. 1 ), rendered black with added rubber (Loctite 480, Henkel, Hemel Hempstead, UK). Dots (1 mm diameter) of the adhesive were placed on the apertural tooth and the outer margin of the operculum with a pen incorporating a nib of copper wire (0.1 mm diameter).
The orientation of the operculum in relation to the apertural tooth was recorded by measuring the angle subtended at the centre of the operculum by two radii, one passing through the datum mark and the other through the peak of the tooth itself. Although the tooth is not strictly a 'fixed point', but rotates with growth, like the columella, of which it can be considered to be the lowest extremity, its movements are slow in comparison with opercular rotation. Systematic errors from this source are therefore small, particularly as the rotation of the operculum is in a plane at right angles to the columella. The orientation of the operculum was initially estimated by eye and later by analysis of digital microscope images, using customized software (5 M MiView Digital Microscope, Cosview Technologies, Shenzhen, PRC).
In Experiment 2 (Table 4) , two different approaches to measuring orientation and rotation (clockwise) were tested, reckoning from a radius through the peak of the apertural tooth anticlockwise to a second radius which was either (1) a tangent to the dot or (2) was judged to pass through its centre (COD). The results were very similar, though COD was more universally applicable and became the preferred method. To limit activity of the snails restrained on mastic during photomicrography, they were first placed in a refrigerator at 4°C for 30 min.
In all studies, P. lineatus were number-tagged with 2-mm diameter plastic discs (Queen Marking Kit, EH Thorne (Beehives), Market Rasen, UK) attached to the body whorl of the shell with clear cyanoacrylate adhesive (Henry & Jarne, 2007) . In the aquarium studies, the snails were allowed to acclimatize at ambient temperatures in an aerated salt-water aquarium for 1-2 d and then tagged. Controlled studies (Table 4) were carried out in a tidal, aerated, flow-through aquarium, kept within a thermally controlled enclosure, designed to simulate, as closely as possible, the intertidal zone. Tides were simulated by timed pumping between two 9-L plastic tanks, with a daily retardation of c. 45 min. The temperature of the air in the enclosure, and hence of the water in the tanks, was controlled electronically to within 1°C. A photoperiod close to ambient was provided by a timed fluorescent tube. Flow rates ensured a daily change of water and ad libitum feeding was provided by fresh stones collected from the intertidal zone and replaced on alternate days. Salinity was regularly checked with a refractometer and ranged between 35 and 36. In Experiments 1 and 2, only a single tank was occupied by a cohort of P. lineatus, while in Experiments 3 and 4, both tanks were charged, thereby providing data for snails subject to artificial tides 6 h out of phase. Opercula were harvested from individuals anaesthetized for 30 min in 7% by weight magnesium chloride solution.
Potential systematic errors from various aspects of the measurement of opercular rotation were assessed. The accuracy of 'estimating by eye', which was used in early experiments, was evaluated by means of test cards which had two radii drawn within a small circle (12 mm diameter). The radii were separated by angles randomly generated randomly within the range of 4-180°. The constructed angles were noted on the back of the cards, which were then taken one at a time randomly and the angle between the radii estimated by eye by an investigator (BCS). Of 100 tests, 15 were exact, 35 were underestimates, with a mean error of 3.9°(SD 2.8°) and a range of 1°to 13°, and 50 were overestimates, with a mean error of 4.7°(SD 2.4°) and a range of 1°to 10°. Hence, the accuracy of this simple method is of the order of ± 5°. Clearly, this is much higher than the virtually zero error obtainable with the MiView software used subsequently, though in the field a simple 'by eye' method with errors of this magnitude might be acceptable.
When taking photomicrographs, a small blunt plastic rod was used to stimulate the snails to shut and attempts were made to keep the operculum horizontal (orthogonal to the microscope axis). Nonetheless, errors from this source were inevitable.
Calculation suggests that designing the experiment to involve rotations greater than about 90°helps to keeps errors from this source to less than 5% (Table 1 : footnote).
The flexibility of the outer part of the operculum (termed 'flexiclaudent' by Checa & Jiménez-Jiménez, 1998) gives the snail some control in its position of withdrawal, which, together with the twisting motion as it closes, could lead to systematic errors in measurements of opercular rotation. To address this question, the orientation of the operculum on six successive days was measured on digital images using MiView software, in snails of various sizes (n = 9; weight 0.85-6.58 g). Treating the value on day 1 as 'correct', the mean error was 2.8°(SE 2.2°), ranging from +14.5°to -7.2°(the positive figure being clockwise) and probably due to rotation of the opercula over the 6-d period of the experiment. The findings suggest that the errors from this source for rotations of 60°are less than 5%.
On the basis of these investigations, systematic errors of measurements of opercular rotation in the range of 60-90°are estimated to be: (1) ≤5% from nonhorizontality under the microscope and (2) ≤5% from variation in the position of closure of the snail.
For rotations of c. 90°, which in the experiments reported here represented 12-19 days' growth, it is thus reasonable to expect systematic errors from these sources of the order of <10%. Larger rotations can be expected to involve smaller percentage systematic errors.
Under the microscope, some opercula harvested at the end of the studies showed one or both of two kinds of archival, quasiregular records of rotation. To examine whether these features were related to tidal rhythms, their angular separations were measured with reference to the centre of the operculum. The features comprised: (1) in almost all specimens, and visible on both sides of much of the operculum, but especially in the peripheral leaflet, there were repeated striae inclined in approximately the same direction as the chisel-shaped terminus of the leaflet (Fig. 2B: arrow) . The images were most apparent on specimens stained with Irgalan Black and viewed under UVA light. The striae were relatively regularly spaced and appeared as bright flashes, in reflected light, and pale or dark (stained) lines, in transmitted light. (2) In some specimens, within the attachment site and on the underside of the operculum only, there were iterations of vestigial, kidneyshaped remnants or 'imprints' of the opercular disc, probably due to protein residues left as the operculum rotates (Fig. 3) . These imprints generally never extended beyond the area occupied by the latest position of the operculum ('attachment plate'), suggesting that its retreating margin erases traces of former positions.
In general, imprints that were sufficiently prominent to be analysed were only found in about 5% of samples. Microscopic analysis showed faint signs of such series in about 50% of samples, in some cases extending across much of the operculum. The procedure for measuring the angular separation of the imprints involved identifying a clear series of such features on a digital microscope Table 1 . Calculated value (% error) of the angle between two radii on a quasi-horizontal surface inclined at an angle of (π/2 -β) to the axis of a microscope, for various values of the true angle, α. 
where α′ is the erroneous angle measured in estimating from above with a vertical microscope the true angle α between radii on operculum, when it is not horizontal, but elevated by an angle β. Calculated from a model in which α is contained in a triangle elevated by β along a horizontal axis formed by the side of the triangle opposite to the angle α.
image and carrying out a simple construction with compasses and protractor on printouts. A circle centred on the nucleus of the operculum was drawn such that it intersected at some point both the first and last of the n imprints in the series. Radii were then drawn from the nucleus to these points and the angle between them, Θ i , measured ( Fig. 2A) . The angular separation of imprints was then calculated from the expression:
The angular separation of striae on the periphery of the operculum was determined in a similar manner using MiView software on a digital image, to measure the angle subtended at the centre by a series of n striae. Since most studies of growth involve measurements of physical dimensions, the accuracy of measuring defined dimensions of P. lineatus with electronic callipers reading to 0.01 mm was assessed. This involved repeat measurements (n = 10) of a cohort of tagged snails (Experiment 1: n = 10; shell length L = 16.0-26.1 mm; total weight W = 1.66-6.58 g) maintained in a simple aquarium. L was defined as the furthest distance between the apex and the margin of the outer lip. The rounded form of the shell made it more difficult to define precisely the basal diameters, considered to be at right angles to each other, but the following definitions were used: D 1 was the greatest distance between the outer edge of the sutural terminus, across the umbilical scar to the far side of the body whorl; D 2 was approximately normal to D 1 and was the greatest distance between the outer lip, across the aperture, to the far side of the body whorl. Some published studies involving basal diameters fail to specify the diameter being reported, which is important, since although D 2 /D 1 approaches unity in large specimens of P. lineatus, it is considerably larger in juveniles (e.g. mean ± SD, D 2 /D 1 = 1.10 ± 0.02, n = 26, in snails with D 2 = 7-12 mm). To ensure that the distances measured were orthogonal to the main axis of the callipers, the jaws were painted with two opposing white lines, with which landmarks on the shell were lined up. The coefficients of variation of these measurements (mean ± SE; n = 10) were 0.68 ± 0.09% for L, 0.91 ± 0.08% for D 1 and 0.42 ± 0.06% for D 2 , suggesting that D 2 is the most replicable measurement (Table 2) . Also examined was a volume-related parameter Ψ = LD 1 D 2 /1,000 (dimensions in mm), based on considerations of the conical shape of the shell of P. lineatus which we have discovered in biometric surveys (BCS, unpublished observations) to be linearly related to the total weight, W, with a high degree of correlation (for example, R 2 = 0.9818, n = 24, W = 156-835 mg). In the repeat measurements, Ψ, as expected for a mathematical product, had a greater variance that any of its three components, with a coefficient of variation (mean ± SE; n = 10) of 1.44 ± 0.13%.
RESULTS
Early uncontrolled studies in which the operculum was marked with a polyamide bristle were carried out at ambient temperatures on the shore with mature Phorcus lineatus (n = 6 + 12; L = 17.5-24.9 mm) and in a simple aquarium with mature and juvenile snails (n = 20 + 6; L = 9.3-18.0 mm; Table 3 ). These experiments established that opercular rotation could be measured, that it was clockwise as viewed from the outside and had rates, estimated 'by eye', of 1-7°/d.
A study conducted over 24 d with juveniles (n = 6; D 2 = 9.3-12.7 mm) in a tidal aquarium at ambient temperatures (6-17°C) showed that the orientation of the opercula regressed linearly with time (Fig. 4) , with high correlation coefficients (R 2 = 0.9302-0.9955) and a mean rate of rotation of 7.3°/d (0.127 rad/d). Subsequent controlled studies of snails of a similar size carried out in aquaria at controlled temperatures of 15 ± 1 and 19 ± 1°C showed, respectively, mean rates of 5.6 and 7.2°/d (0.097 and 0.126 rad/ day; Table 4 ).
Values of the angular separations of both imprints and striae on the minority of specimens on which it proved possible to obtain data are presented in Table 5 . Only rarely was there more than one area of the operculum in which a clear, countable succession of marks was visible and none had more than two such areas. In these few cases, two measurements were made and averaged. In Experiments 3 and 4, rates of increases in weight were measured by weighing snails at various time points on a digital balance reading to 1 mg, yielding values (mean ± SE) of dW/dt of 4.44 ± 0.34 (n = 19) mg/d and 4.30 ± 0.28 (n = 19) mg/d (Tables 4 and 6 ).
Calculation of growth rates
Rates of opercular rotation can be used to derive conventional growth rates, by making use of biometric relationships determined, if need be, in separate studies. As the operculum rotates its radius r increases according to the expression:
where n is the number of turns in the spiral and a and b are constants. Difficulties of counting turns in the nucleus of the operculum mean that the 'start value' of n must be guessed, but the absolute value is not needed to determine b. If, for example, the true value of n is (n + δ) this merely has the effect of changing the value of a. Differentiating Eq. (2) and substituting the angle of rotation, θ (in rad) for n, leads to: dr/dθ = br/2π = bd/4π, where d is reckoned to be the major diameter of the operculum, d 1 (which passes through the growing terminus of the operculum, rather than its perpendicular, d 2 , which is slightly smaller). Also:
which enables the rate of growth of the radius of an operculum of diameter d to be calculated from the rate of angular rotation, dθ/dt, obtained from experiment, and b obtained by measurement of the radii of successive turns of the spiral fitted to Eq. (2). For any growth variable, X, such as a physical dimension or weight: dX/dt = (dX/dr)(dr/dt) which, with Eq. (3) and rearrangement, leads to:
where dX/dr is equal to dX/d(d 1 /2), the slope of a plot, for snails of various sizes from the study population, of X vs d 1 /2. Rates of opercular rotation can therefore be converted into growth rates in terms of other variables on the basis of biometrically determined values of dX/d(d 1 /2), where X is, for example, the weight of the snail, W, the length of its shell, L, or its major basal diameter, D 2 . Table 3 . Daily rate of opercular rotation of Phorcus lineatus: feasibility experiments on the shore and in an uncontrolled aquarium with estimation of angles by eye. Two closely matched cohorts kept in identical aquarium conditions, except that they were subject to tidal cycles 6 h out of phase.
Abbreviation: CV, coefficient of variation.
For any given cohort, the values of dX/d(d 1 /2) used in Eq. (4) must be determined for animals of a similar range of size from the population for which opercular rotation has been measured. Plots of X vs d 1 /2 are relatively linear over a wide range of values of physical dimensions (see examples in Fig. 5) .
Values for the population sampled of the derivatives dX/d(d 1 /2) were obtained from plots of X vs d 1 /2 (Fig. 5) . Together with mean values, for the opercula of the snails in the rotation study, of d 1 /2 and b (the latter calculated with use of Eq. (2) for all members of each cohort), these derivatives give the rates of growth, in terms of L, D 2 and W, based on Eq. (4), as presented in Table 6 .
DISCUSSION
This study provides the first real-time evidence of rotation of the operculum of the polygyrous trochid gastropod Phorcus lineatus. At temperatures of 15-19°C, over a two-week period (during which a rotation of c. 90°occurred), the operculum of juvenile P. lineatus, with a major basal diameter of about 10 mm, rotates clockwise at a rate, depending on size, of a few degrees a day (4.6-7.2°/d, 0.080-0.126 rad/d), therefore making a complete turn in about 1.7-2.0 months. There was a negative association between the rate of rotation and size.
Both the vestigial remains or imprints of the attachment site of the operculum, and the striae on the periphery, are arranged in discrete quasi-regular series; these provide evidence that the rotation is noncontinuous or 'quantal'. Similar phenomena are known with molluscan shells, which grow in spurts, as evidenced by growth lines (Fretter & Graham, 1994: 68-69) . Annual growth rings on the shell of P. lineatus are attributable to cessation during the winter of growth of the periostracum at the margin of the peristome, where ongoing deposition of nacre piles up to create a ridge. Whether the operculum exhibits such a cessation of rotation is not known, though such a process would be expected to leave evidence in the form of a substantial radial feature traversing the width of a turn; however, no such feature-beyond the repeated peripheral striae described here-was ever observed in the hundreds of opercula viewed.
The quantal features of the opercula of P. lineatus seem to be related to a regime of semidiurnal tides. Rhythmic tidal processes are a well-documented phenomenon in marine organisms (Zhang Table 5 . Ratio, q, of rates of opercular rotation of Phorcus lineatus (dθ/dt) and angular separations on the operculum of (1) archival imprints of the opercular disc, θ i , and (2) striae, θ s , on the outer turn: results from all studies for snails for which one of both of these features could be analysed (n = 18). et al. , 2013) . This is supported by the values for individuals of the ratio, q, of the rate of rotation to the angular separations of imprints and of striae. In a situation in which there were exactly two tides per 24 h, and the quantal effect happened once per tide, the angular separations of the imprints and the striae would be exactly half of the 24-h rotation, i.e. q = 2. But in the location of this study in southern Brittany, as elsewhere in northern Europe, the times of high water are c. 1 h later each day. Hence, the rate of rotation measured in this study, which is expressed for a 24-h day, is too high by a factor of c. 25/24, so therefore the expected value of q = 2 × (24/25) = 1.92. The values of q determined in this study (Table 5 ) are statistically indistinguishable from this theoretical value of 1.92 (mean ± SD, for imprints: 1.75 ± 0.28, n = 5; t = 1.358, t 0.05(2), 4 = 2.776; for striae:1.84 ± 0.55, n = 13; t = 0.525, t 0.05(2), 12 = 2.179). Although the separations within the series of imprints and striae were fairly regular, they were not mathematically exact, which may reflect variations in conditions; for example, a snail buffeted by rough water, or subjected to an attack from a predator such as a crab, is likely to experience disturbed growth. Also, although the striae seem to be tidally related, they may not reflect discontinuous secretion at the periphery, but could simply be regularly spaced wrinkles created by the newest part of the operculum drying out at low tide. No such doubts, however, seem credible for the imprints. Whatever the origin of the imprints and striae, the results suggest that they can be considered as packets of time, like the 'ticks of a clock'.
The mechanism of opercular rotation is unknown, but it may be triggered by stresses which build up in the opercular disc as material is secreted at the peripheral origin of the operculum. Since the underlying foot is muscular, whereas the operculum is rigid, it is possible that underlying contraction/expansion of the opercular disc releases this stress by engineering detachment/ reattachment of the operculum, thereby allowing it to shuffle round, with the most recently secreted material being stretched out to form a stria. A priori, such a process could take place when the snail is emersed or under water. While it is clear that the operculum rotates in semidiurnal 'quanta' related to the tidal cycle, further work is required to determine whether this occurs at high or low water.
Although the environmental envelope of this study is limited, it has shown (Experiments 3 and 4) that, despite a tidal phase difference of 6 h, similar cohorts exhibited the same rates of rotation (Table 4) , while a difference in temperature of only 4°C (i.e. 15-19°C) was associated with an increase in the rotation rate of c. 30% (cf. Experiments 3 and 4). Converting the opercular and biometric data into growth rates in terms of conventional units gives daily rates of the order of 30 μm for overall length and 4 mg for total weight (Table 6) . Such rates over periods of 15 d indicate changes in length of less than 0.5 mm, which could not be determined directly with any accuracy, though the equivalent weight changes of c. 60 mg over the same time period were measurable and gave values for daily growth rates close to calculated values.
In longer experiments, in which changes in linear dimensions might be measurable, the major basal diameter, D 2 , would seem to be the preferred dimension.
The analysis of opercular rotation presented here leads to credible interpretation in terms of means, but it must be noted that the spread of individual values was quite large, as indicated by high coefficients of variation. This is unlikely to be due to potential sources of systematic error in the method, which have been assessed at c. 10%, and probably indicates that there is a genuine high variance in individual rates of rotation. This may be innate or it may reflect some stress, which is possibly associated with handling during the experiments.
In conclusion, this study has shown that the rate of rotation of the operculum of P. lineatus and similar operculogyrous species can be easily measured over periods as short as 14 d. Together with biometric data from the study population, such rates can be converted into conventional rates of growth, in terms of variables such as weight and size. The technique provides a means of determining effects in the short term of environmental factors on their growth rates. Although the experimental methods were developed for the aquarium, the same approach is also suitable work in mesocosms and on the shore. Preliminary data reported here suggest that at temperatures of 15-19°C the operculum of juvenile P. lineatus rotates about once every 1.7-2.0 months. Opercular rotation therefore has potential as a relatively simple, nondestructive method for monitoring growth in the short term. Equally, opercular rotation can be regarded as a growth variable in its own right, alongside others, such as growth marks of various kinds on shells, over which it has considerable advantages. Growth checks on shells are difficult to read, imprecise and deliver only over periods of a year (Crothers, 2012) . The use of concentric opercula is of limited value and requires destruction of the animal (Richardson et al., 2005; Miranda et al., 2008) . Counting of statolith lines is also destructive and only useful over periods of a year (Barroso et al., 2005b) . The use of microscopic growth lines on shells is technically demanding (Ekaratne & Crisp, 1982 , 1984 Barroso et al., 2005a) . Merely measuring changes in wet mass may be equally effective, though retention of water in the mantle cavity is a confounding factor.
Further work on rates of opercular rotation, probably in association with changes in mass, is required to explore a wider temperature range, to study a larger range of size and species of snail, to gain more data points over longer periods and to explore the role of tidal elevation. Table 6 . Growth rates calculated from Eq. (4) using measured rates of opercular rotation (rad/d; Table 4 ) for given cohorts of snails and populationderived values of dX/dr (Fig. 5A-C (Fig. 5A) ; dL/d(d 1 /2) = 3.52 (Fig. 5B) ; dD 2 /d(d 1 /2) = 3.43 (Fig. 5C ).
